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Abstract 
Alstom is developing a portfolio of solutions to address CO2 emission reductions. Among them is CO2 Capture and 
Storage (CCS) for which Alstom is developing several CO2 capture systems based on post-combustion and oxy-
combustion processes. This paper will be oriented to utility and industrial companies that would like to be prepared 
to CCS challenges and understand the key features of the CO2 capture technologies, in this article focus will be on 
oxy-combustion. This paper is also oriented to “oxy-experts” community for an update coming from pilots 
operation. It will describe key features of the different pilot projects with Alstom’s involvement and will describe 
the work performed in there. The development of CO2 capture technologies are being pursued by European and US 
suppliers in collaboration with utility companies, academia, the US DOE, the European Union, and universities. The 
first part of this article will address the work of Alstom and corresponding results in three major oxy pilots: 
 Vattenfall Schwarze Pumpe Oxy-combustion pilot plant (30 MWth, coal)) and corresponding results (pilot is in 
operation since September 2008, a full PC oxy-combustion chain has been under evaluation there). 
 An oxy tangentially fired boiler development project (coal) with co-funding from the US DOE and other 
organizations, which includes pilot testing at the 15 MWth scale, conducted in Windsor CT (US). This pilot has 
started operation in September 2009. 
 The TOTAL Lacq Oxy-combustion pilot plant (30 MWth, natural gas) where Alstom did the retrofit of a 
conventional boiler for its conversion into oxy-combustion. 
Considerable knowledge has been gained with these pilots through different considerations, both on boiler 
components but also on the integrated oxy chain. All these positive outcomes confirm the expectations of the 
community in oxy-development and open the door to the next development step of ~250 MWel large scale oxy-fired 
carbon capture and storage (CCS) demonstration plants. This paper provides an update about the CO2 capture pilot 
plant operation and also present the technical challenges expected to be demonstrated during large scale 
demonstration plants. 
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1. Introduction to CO2 Capture and Storage (CCS) 
In its World Energy Outlook 2009 [1] , IEA baseline estimates that long-term world power generation installed 
base should increase by c.73 % up to 2030, while electricity generation should increase at the same pace. In this 
reference scenario, fossil fuels represent a major share of the power generation by 2030, slightly more than two 
thirds of the electricity generated in 2030 comes from coal, oil or gas. The development of such fossil-fuelled lead to 
a sharp increase of CO2 emissions: as a consequence, they are seen as increasing by c.50% by 2030, reaching 
c. 18 Gt of CO2 emitted with coal remaining the main contributor of CO2 emissions, gas being second.  
The May 2007 IPCC Summary for Policymakers gives a maximum target of 450 ppm CO2e Greenhouse Gas 
(GHG) concentration in the atmosphere in order to limit the long-term earth surface temperature increase to 2°C by 
2100.  
However, fossil-fuelled power plants will continue to be built worldwide and to reach the 450 ppm objective will 
require deploying a portfolio of solutions in order to address in the best technical and economical way the challenge.  
The CO2 emission reduction objective of the power generation sector compared to the reference scenario is 9.3Gt 
CO2 of saving over a total of 13.8Gt. This saving comes from reduced demand, further development of renewables, 
further nuclear deployment, use of more efficient coal and gas power plants and finally CO2 capture and storage 
(CCS), accounting for 1.1Gt CO2 per year reduction in 2030, and for 5,5 Gt CO2/yr in 2050 . 
The most promising solution fossil fuel emissions from the power sector is the CO2 capture and storage (CCS). 
Among the three families of CO2 capture technologies envisaged, post-combustion and oxy-combustion are 
expected to become commercial from 2015 and will be able to address from this date both new power plants as well 
as existing fleet.  
For more than ten years, strong efforts have been put in the development of CCS technologies starting with R&D 
and laboratory pilots and, in the last years through the multiple partnerships put in place worldwide, numbers of 
pilots and validation projects have been built and tested. Their successful tests and very promising results start to 
pave the road toward the products commercialization as expected.  
This paper presents the progress of the development of oxy-combustion with the different pilot plants, with a 
particular focus on those in which Alstom has participated. Remaining challenges of the key next step with the large 
demonstration projects will be also explained. Among the CCS challenges, costs and performances of the power 
plants equipped with CCS are key to be optimized to balance the resulting increased cost of electricity versus the 
current and future cost of CO2. 
2. Status of CCS Development 
CCS in the Power generation sector can capitalize on a series of components technologies that have been 
developed and commercially used in the Oil & Gas industry for decades. Capture technologies, which are slightly 
less advanced along the CCS chain including CO2 capture, transport and storage, have been used already in industry 
such as the natural gas processing industry for decades. Although components are mature, the application of these 
technologies in the Power sector is new and has some technical and scale-up challenges, but this is not fundamental 
research (see figure 1). There are various capture technologies under development, the closest to the commercial 
stage being Post-combustion, Oxy-combustion and Pre-combustion. We will see in the following chapter an 
example of development path of capture technologies. 
On transport of CO2, onshore pipeline has been used since the 1970’s to carry CO2 from industrial or natural 
sources to oil fields to be used to increase oil production through Enhanced Oil Recovery projects. In the US alone, 
more than 5,000km of CO2 pipeline is operated today, without major difficulty. 
On deep geological storage of CO2, benefiting from large-scale operation in the US, EOR is significantly 
advanced. Other options, like pure storage in depleted oil and gas fields, or the most promising saline aquifers are 
slightly less advanced. Numerous large scale demonstration projects are currently on-going (Sleipner, Snohvit, 
Otway…). All component technologies, especially in the monitoring field, are developed today. 
The first demonstration projects before pre-commercial size are currently coming online followed by a significant 
pipeline of large-scale project (>100 MW) which will complete the development of CCS technologies. As of 
January 2010, and resulting from the compilation of available published listings and internal Alstom data, we have 
identified worldwide 67 credible large-scale CCS potential demonstration projects (>100 MW), in various stages of 
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advancement. While limited information is available on those projects, we estimated that they already account for 15 
to 20 GWel of CCS potential. A first conclusion is that this represents a huge effort of the industry to scale-up the 
needed technologies and make them available as soon as a proper regulation will drive their installation. 
Half of these projects are in Europe (35/67), owing both from the UK competition and the pre-announcement of a 
10-12 EU Flagship program, which have triggered considerable interest and pre-feasibility studies.  
A second conclusion is that early government signals on CCS funding is attracting enough interest from the 
industry for the first phase of deployment.  
The three most advanced technologies are all represented (cf. figure 2), leading to the third conclusion that the 
European Union recommended technology portfolio approach to large-scale cost discovery can be applied 
worldwide. New projects represent the majority of these large-scale projects (i.e. 54 out of the 67 projects identified) 
however addressing the installed base in this early ramp-up period is also necessary [2].  
Finally, it also appears from this screening that the most represented technology is post-combustion (34/68 
projects) in comparison to pre-combustion and oxy-combustion. 
This is related to the ability of post-combustion to do partial flow capture, enabling to target large size plants 
while minimizing investments (no 
boiler modification) and risks during 
the demonstration phase. However, this 
distortion will disappear at the 
commercial stage and oxy-combustion 
should ramp-up at a similar rate than 
Post CO2 emission reduction. 
Retrofitable CCS technologies like 
post and oxy-combustion logically seem 
to emerge as preferred options for the 
early ramp-up of the CCS market and 
experimentation of the full CO2 value 
chain. These large-scale projects are a 
step toward commercialization and 
capitalize on the experience gained by 
the industry on pilots and demos of 
smaller sizes, testing CO2 capture, 
transport and storage. The sections below presents the pilots related to oxy-combustion which are in operation and 
the knowledge gained from this pilots which have already been tested extensively. 
3. Oxy-Combustion Pilots 
On Oxy-combustion, Alstom is involved in three pilots in oxy-combustion that have all started their operation. 
 Schwarze Pumpe, 30 MWth lignite pilot plant by Vattenfall, in Brandenburg, Germany. More detail is given 
below for this medium-scale pilot plant that was the first CO2 capture project of this size installed and started 
in August 2008. 
 A 30 MWth oxy-firing demonstration project developed by Total in Lacq-France, for which Alstom has 
retrofitted an existing old boiler to natural gas oxy-combustion. The pilot started its operation under oxy-
conditions in July 2009 and will be tested during two years. It is the first integrated capture, transport and 
storage unit in Europe. The captured CO2 is transported over a 30 km pipe and stored in a depleted gas field 
in the region of Lacq. 
 A 15 MWth oxy-combustion boiler simulation facility located at the Alstom Power Plant Laboratory (PPL) in 
Windsor, CT, USA, testing several bituminous coals and lignite in various configurations of oxy-combustion 
(e.g. burner in tangential firing system)  
Breakdown of announced large-scale demos
Oxy-
combustion
Pre-
combustion
New
Retrofit
Post-
combustion
New vs. retrofitBy technology
Retrofitable
Figure 2: Breakdown of announced large-scale 
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3.1. The Schwarze Pumpe pilot 
plant of Vattenfall 
Alstom supplied the oxy-
combustion steam generator as 
well as the electrostatic 
precipitator and further ancillary 
systems for the oxy-combustion 
pilot plant. In addition, Alstom as 
technology partner of Vattenfall 
participates in a comprehensive 
test program [3]. The special 
feature of the pilot plant is the 
testing of the entire oxy-
combustion technology chain, i. e. 
air separation unit, steam 
generator including indirect firing 
system, flue gas cleaning 
components and CO2 plant. The 
separated CO2 is liquefied at the 
end of the process chain with a 
purity of >99.7 % and is provided 
for the independent supply of 
various storage projects and 
industrial customers. Construction works of the pilot plant started in October 2007. The pilot plant was put into 
operation in September 2008. Figure 3 shows an aerial view of the oxy-combustion pilot plant in Schwarze Pumpe 
[3,4,5,6]. 
Already with the commissioning of the complete technology chain and the capture of CO2 in September 2008 the 
feasibility of the technology was demonstrated on a pilot plant scale. Since December 2008 the plant has been in test 
operation, and as of April 2010, 6,500 total operating hours were reached, of which 2,500 h are in air mode and 
4,000 h are in oxy-combustion mode. 
The steam generator and the firing system are designed to allow for best operational flexibility, i. e. 100 % load 
can be operated both at air and at oxy-firing conditions. In oxy-firing operation the oxygen necessary for the 
combustion is supplied by an air separation unit. Several options are available for the intermixing of oxygen. 
Besides the pre-mixing of oxygen and flue gas at a central location, the burner allows for oxygen enriching 
individually each of the oxidant flows (burner compartments and oxidant staging ports). The secondary flue gas re-
circulation is extracted downstream of the electrostatic precipitator. In addition, a smaller amount of flue gas is 
extracted downstream of the flue gas condenser (dry flue gas recycle) and used for fuel conveying. The flue gas 
produced leaves the combustion chamber and passes an electrostatic precipitator for removal of ash particles. Before 
being dried and entering the CO2 processing plant, the flue gas passes the desulphurization unit. 
In the following sections, results from the operation of the steam generator with dry lignite from Lusatian region 
are presented [7,8]. 
Air In-leakage  
Any air in-leakage in the overall system should be prevented as far as possible in order to avoid any additional 
increase of the energetic expenditure during the downstream CO2 purification and compression phase. 
On the basis of the I&C system data and with the flue gas composition measurements (up- and down-stream of 
the electrostatic precipitator), the total air in-leakage during oxy-combustion operation could be globally maintained 
below 2 % (for the steam generator and electrostatic precipitator). It was further observed that 2/3 of these in-
leakages occur in the steam generator whereas 1/3 are via the electrostatic precipitator. Due to the integration of a 
Boiler House 
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Air Separation  
Unit 
Control Room 
CO 2 Purification  
and  Liquefaction 
Office  Building 
Flue  Gas 
Desulphurisation 
Flue  Gas  
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CO 2 Tanks 
Figure 3 Aerial view of the oxy-combustion pilot plant in 
Schwarze Pumpe 
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special seal and cooling gas system (using recycled flue-gas), the parameters were clearly below the specified 
values. 
Unburnt matter and filter ash 
The analytical results of ash samples collected in the boiler hopper and electrostatic precipitator air and oxy-
combustion mode show the typical good burnout values for lignite with TOC (Total Organic Carbon) contents 
maintained below 5 percent by weight. 
3.1.1. Dynamic processes 
The connection of the other key components of the 
oxy-chain including ASU, AQCS, condenser and gas 
processing unit (or CO2 plant) to the steam generator 
was successfully and very smoothly achieved. Only 
minor adjustments of the planned control structure 
had to be made.  
In order to learn as possible for the operation of 
the future large-scale plants all standard procedures 
such as venting, start-up and shutdown as well as load 
changes were automated, in order to reach the same 
degree of automation as  a commercial plant. 
Thus, all control loops concerned have been 
adjusted to fulfill both air and oxy-combustion mode 
requirements. With minor adaptations during the 
commissioning phase, all relevant control loops have 
been successfully started-up, i. e. all standard 
procedures are covered via control loops and step 
sequences. 
 
Typical periods of time for standard procedures: 
 
 Venting of boiler and flue gas paths: approx. 20 minutes 
 Start of fire up to full load: approx. 45 minutes (boiler preheated according to operating instructions) 
 Load transfer – air to oxy-combustion mode: approx. 20 - 30 minutes 
As expected, the optimization work showed that the firing system reacts slower in the oxy-combustion mode than 
in the air mode, i. e. the flue gas concentrations change slower due to the flue gas recirculation. After a parameter 
modification, steady-state conditions were achieved again within 30 to 45 minutes.  
Figure 4 shows the transition from air to oxy-combustion mode. The oxidant flow is the oxygen carrying flow, 
which consists of either air, or of recirculated flue gas and mixed-in oxygen from the ASU, or in the transition state 
of a mixture of the above gas flows. For the switchover process, it can be acknowledge that ~20 minutes only are 
required from the start of the closure of the intake air damper until the complete opening of the flue-gas recycle 
damper.  
Emission values and CO2 concentration 
The emission limit values according to the Technical Instructions of the German Environmental Legislation on 
Air Quality Control (TA Luft) were met both in air and oxy-combustion mode. 
The dust concentration determined in air mode downstream of the electrostatic precipitator is safely below the 
emission limit value of TA Luft. The specified SO2 emission limits is met at part load operation and in air mode 
alone by the SO2 separation in the FGD system. At a load >75 % the desulphurization is supported by the addition of 
hydrated lime into the furnace. 
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  Figure 4: Switch from air to oxy-operation 
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By a relevant distribution of the combustion air between burner and the overfire air levels (staged combustion) 
the NOX and CO concentrations in air mode and in part-load operation are on the same level as with full load. 
Values of <300 mg/Nm³ for NOX and of <100 mg/Nm³ for CO are reached. 
The oxy-combustion operation has shown that an unstaged oxidant operation is sufficient in order to meet the 
NOX emission value. The reason for this is the significantly reduced amount of thermally formed NOX due to the 
missing atmospheric nitrogen in oxy-combustion mode. The CO2 concentration measured in the flue gas 
downstream of the electrostatic precipitator is above 85 vol.-% dry. 
3.2. The Boiler Simulation Facility of Alstom 
Alstom is conducting a comprehensive test program to develop tangentially fired (T-fired) oxy-fuel technology 
for new boilers and retrofitting existing boilers. Central to the program is testing in Alstom’s 15 MWth T-fired Boiler 
Simulation Facility (BSF) in Windsor, CT, USA. Testing is designed to provide detailed information on oxy-
combustion behavior and the implications on boiler design and operation. Primary objectives of the project include: 
 Design and develop an innovative oxy-fuel 
firing system for existing T-fired boilers that 
minimizes overall capital investment and 
operating costs. 
 Evaluate the impacts of oxy-fuel process 
variables and firing system design options on 
boiler performance and design in pilot scale 
tests at Alstom’s 15 MWth BSF.  
 Determine the changes in fuel related boiler 
impacts during oxy-combustion for a range of 
coal types.  
 Evaluate and improve engineering and CFD 
boiler design and predictive tools for oxy-
combustion application. 
 
The project was initiated in September 2008 and 
is supported by the US DOE, a Utility Advisory 
Group, the States of Illinois and North Dakota, as 
well as other organizations. Following initial oxy-combustion process screening studies and CFD analysis of various 
oxy- firing system design options, test facility requirements were establish and modification for oxy-combustion 
testing implemented. The BSF modifications for oxy-fired testing were completed in August 2009. Major facility 
equipment additions included installation of an oxygen supply and injection system, multiple gas recirculation 
systems, a fabric filter for particulate removal options, a NID dry scrubbing system to provide SO2 removal options, 
and new instrumentation and controls. Figures 5 shows a photo of the BSF after oxy firing modifications [9]. The 
facility modifications allow the flexibility to test under the base air-firing mode and three different oxy-fired process 
configurations. Secondary gas stream recycle can be returned to the furnace 1) before particulate and SO2 removal, 
2) after particulate removal, but without SO2 scrubbing, and 3) after both particulate removal and SO2 scrubbing. 
The pilot-scale testing started in September 2009. Test campaigns have been completed on both subbituminous 
and bituminous coals (low and high sulfur. Additional test campaigns will be conducted with bituminous coal and 
lignite. The first BSF test campaign was with Powder River Basin (PRB) subbituminous coal and included more 
than 200 hrs of operation, during which time more than 500 tons test coal were fired. Test variables evaluated 
included gas recycle take-off location, gas recycle flow rates, oxygen injection flow rates and locations, windbox 
design, and over-fire air compartment design. 
In the following sections, results from the operation of boiler simulation facility are presented. 
Facility operation was good during both air and oxy-firing testing as conditions could be easily changed and 
controlled. The facility operated under various oxy process scenarios and produced flue gas containing more than 
90% CO2 on a dry basis. A summary of major results from Test Campaign 1 is provided below. 
 
  
Figure 5: Boiler Simulation Facility  
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 Combustion performance was very good during both air and oxy testing with reactive PRB 
subbituminous coal.  It was possible to operate at low excess oxygen levels in the BSF during both air 
and oxy firing and still achieve low CO and unburned carbon. 
 As expected, the concentration of pollutants such as SO2 and NOX were higher during oxy firing than air 
firing due to absence of nitrogen dilution from combustion air. However, on a mass basis and on an 
lb/MMBtu-fired basis, these emissions were generally similar or lower during oxy-firing. 
 NOX emissions measured during baseline air firing in the BSF were consistent with utility boiler 
experience with the PRB test coal using Alstom low NOX tangential firing technology. The NOX 
emissions from the boiler during oxy-firing were typically less than 50% of the NOX levels during air 
firing. 
 Furnace heat absorption and furnace heat flux profiles during oxy-firing could be controlled to similar 
levels as measured during air firing. Furnace heat transfer could be changed during oxy tests by varying 
flue gas recycle rate, oxygen injection location and oxygen concentrations in the oxidant streams. For 
the oxy conditions tested, the incident heat flux to the furnace wall was typically more uniformly spread 
over the length of the furnace and peak heat flux values were lower. 
 As expected, higher SO3 concentrations were measured during oxy-firing compared to air firing.  
However, the SO3 higher concentrations appeared to be attributed to higher SO2 concentrations during 
oxy-firing. The net conversion rate of SO2 to SO3 appeared to be similar during both air and oxy-fired 
tests. 
 Ash deposition on waterwall and convection test surfaces was generally similar in composition and 
physical characteristics during both oxy and air firing tests. 
 
In addition to logged operating data, probing measurements as well as solid and gaseous sampling were 
conducted during most test points to provide additional information on behavior. Detailed planar mapping of furnace 
gas temperature and gas species distributions as well as total and radiant incident heat flux to the furnace wall were 
conducted during long-term air and oxy-firing tests. 
4. Summary and Outlook 
In order to achieve the reduction target of the power sector, carbon capture and storage is unavoidable. Every 
effort should be made by governments worldwide to ensure that long-term policies and market regulations are put in 
place early enough, both for equipment suppliers to plan the necessary production capacities and for the utilities to 
plan power fleet adaptation. Several technologies are currently being developed, including post-combustion, oxy-
combustion and pre-combustion. Post- and oxy-combustion technology will be available commercially in 2015 for 
large scale plants (e.g. 800 MWel). Alstom’s development program on oxy-combustion continues on schedule with 
medium scale validation pilots already in operation and testing. Results from the Vattenfall’s 30 MWth oxy-
combustion pilot in Schwarze Pumpe (Germany) and the Alstom’s 15 MWth oxy-combustion pilot (BSF) in Windsor 
(USA) are very encouraging and support the commercial viability of the oxy-combustion technologies. The 
promising results from the pilots accompanying the ambitious development programs put in place in the 
development of oxy-combustion technology are progressively closing the gaps towards the commercialization of the 
product expected from 2015. With a feasibility study ordered by Vattenfall and recently completed with the 
involvement of Alstom, a decisive step towards industrial implementation of CO2 capture technology has been 
taken. Jänschwalde is a priority site chosen by the Vattenfall Group for large scale demonstration of oxy-combustion 
technology. 
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